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The investigation of nonlinear optical characteristics of ethanol solution doped with silver nanoparticles
is presented. A large thermal-induced third-order nonlinear refractive index up to —1.941x10~7 cm2/W
is obtained from the mixed solution under 488-nm continue wave (CW) laser irradiation, which may
result from surface plasmon resonance (SPR) enhancement effect of silver nanoparticles as well as high
thermo-optic coefficient and low thermal conductivity of ethanol. Obvious spatial self-phase modulation
and influence of thermal-induced negative lens effect are observed when a beam propagates through this
solution, indicating promising applications such as optical limiting, beam flattening, and so on.
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Materials with high third-order nonlinear refractive index
are always of large interests for their potential applica-
tions on many nonlinear optical devices such as optical
limiting, beam flattening, optical switching, weak absorp-
tion measurement, spatial dark soliton transmission!* =4,
and so on. Composite systems containing metal nanopar-
ticles such as Ag, Au, and Cu are the promising solutions
to this end because of metal nanoparticles’ unique ability
to support surface plasmon resonance (SPR) at visible
wavelengths, which in turn can give rise to a giant en-
hancement of nonlinear optical response in medial®=8!.
Especially, Ag nanoparticles attract the most concerns
because they can provide the largest enhancement fac-
tor of SPR among all kinds of metal nanoparticles(®.
In the past several years, it has been widely reported
that Ag nanoparticles were embedded into solid matri-
ces such as silica glass!'% and sapphire® or doped into
liquids[**=19] to enlarge the third-order optical nonlinear
response successfully. Those works show a prospect of
controlling the optical response of media with the aid of
Ag nanoparticles. In this letter, we study the nonlinear
optical characteristics of ethanol solution doped with
Ag nanoparticles. A very large thermal-induced third-
order nonlinear refractive index of this mixed solution
is measured to be —1.941x10~7 cm?/W under 488-nm
continuous-wave (CW) laser irradiation, which is about
one order of magnitude higher than the result reported
so farl'®l. The large thermal-induced nonlinearity and
the effect of a thermal-induced negative lens are further
demonstrated by diffraction patterns.

In our experiment, Ag colloid was prepared by the
chemical reaction methods reported by Lee et al.l'7l. 9-
mg silver nitrate was added into 50-ml distilled water.
The solution was heated to its boiling point and 1-ml
1% sodium citrate was added. Then, the solution was
boiled for 20 min. Ag colloid was obtained after cooling
down the solution at room temperature and its concen-
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tration was about 1.08 1072 mol/L. Figure 1 shows the
absorption spectra of Ag colloid. It can be seen that the
absorption peak of SPR is around 455 nm. The aver-
age size of nanoparticles was about 50 nm by electron
microscopy imaging. Ag colloid was doped into ethanol
and distilled water with volume rates of 1:4 and 1:1,
respectively. These two kinds of mixed solutions were
indicated by Ag:ethanol and Ag:water in the following.
Conventional closed-aperture and open-aperture z-scan
techniques!'® were adopted to investigate the nonlinear
refractive index and nonlinear absorption respectively.
Figure 2 is the schematic diagram of z-scan experiment
setup. To optimize the SPR effect of Ag nanoparti-
cles, a tunable CW Arion laser (Griot Mell, USA) at a
wavelength of 488 nm was chosen to irradiate the sample.
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Fig. 1. Absorption spectrum of Ag colloid.
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Fig. 2. Schematic diagram of z-scan experimental setup. A,
attenuator; S, ethanol solution of silver nanoparticles; P, aper-
ture; D, detector.
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The transmittance difference between normalized peak
and valley AT}, (defined by T, —1), on-axis phase shift
AP, and thermal-induced third-order nonlinear refrac-
tive index ny are associated by equations as follows!!8l:

AT,y = 0.406(1 — S)**Ad, (A < 27)
Ad = kLeffTLQIQ = (27T//\)Leffn210,

S = 1—exp(—2L>,
Wa

Letr = [1 —exp(—al)]/a,

where \ is the wavelength of laser, Iy is the intensity
of beam at focus, r is the aperture radius, w, is the
beam radius on aperture position, « is the linear ab-
sorption coefficient, and L is the sample thickness. In
closed-aperture z-scan measurement, the laser beam was
focused by a lens of 180-mm focal length, and the solu-
tions under investigation were contained in a 1-mm-thick
quartz cell which was mounted on a step motor (Zolix,
China) and translated along the beam direction. The
emergent light from the solutions was detected by a
power meter (Coherent, USA). For open-aperture mea-
surement, the aperture was just replaced by a lens of
100-mm focal length to collect almost all transmitted
light into detector to study the nonlinear absorption.
Another 30-mm-thick quartz cell was used in the study
of spatial self-phase modulation and nonlinear absorp-
tion properties of the solutions.

Figure 3 shows the result of closed-aperture measure-
ment. The feature of “peak followed by valley” indicates
the self-defocusing, in other words, negative nonlinear re-
fractive index. The absorption coefficient of Ag:ethanol
was measured to be 0.84 cm™! while the absorption
coefficient of pure ethanol was nearly negligible, which
demonstrated that strong absorption of mixed solution
mainly came from SPR of silver nanoparticles. A low
input power of 2 mW was used since it was enough to
create measurable signal. According to Eqgs.(1)—(4), the
third-order nonlinear refractive index of Ag:ethanol was
calculated to be —1.941x10~7 cm?/W. To interpret this
large nonlinear refractive index, we propose the follow-
ing physics picture. Due to SPR of silver nanoparticles
doped in solutions, light energy is absorbed significantly
by silver nanoparticles and then transferred to liquid
through the non-irradiative relaxation to ground state,
which leads to the increase of local temperature in the
solution. Then the temperature gradient filed results in a
change of the local refractive index because the local re-
fractive index decreases with the increase of temperature
for most liquids such as ethanol and water. Especially
with 488-nm CW laser irradiation which is near the
resonance absorption peak of Ag nanoparticles, SPR is
intense and heat is effectively accumulated. Therefore,
the large thermal-induced negative third-order nonlinear
refractive index is produced.

For comparison, we performed the closed-aperture z-
scan experiment of pure ethanol without silver nanopar-
ticles under the same experimental conditions, and the
feature of “peak followed by valley” dissappeared, which
clearly indicated that silver nanoparticles enhanced the
thermal-induced nonlinearity. We also conducted the

X
3 H
g 1.2 H
g : \
E -
= i [
.g rF
Té‘ 0.8 \ H
S ¥
06 Lt—F—+—+
-10 0 10
2 (mm)

Fig. 3. Curve of closed-aperture z-scan measurement.

Table 1. Thermal-Optical Properties of Ethonal and

‘Water
Material k (W/(m - K)) dn/dT (K™1)
Ethanol 0.168 ~4x107*
Water 0.56 ~1x107*

measurement of Ag:water. In order to obtain measurable
signal, the input power was increased to about 20 mW.
The third-order nonlinear refractive index of Ag:water
was obtained to be —3.81x107% ¢cm?/W, which was in
good agreement with the value reported in Ref. [16].
The thermal-induced third-order nonlinear refractive in-
dex ng also could be quantitatively estimated by the ther-
mal nonlinear optical theory!') as

dn aw?
No = — , 5
2T AT w (5)
where g—; is the thermo-optic coefficient, « is the thermal

conductivity, and w, is the waist width at focus. Based
on the absorption coefficients measured in experiment
and the parameters in Table 111929 the theoretical val-
ues of ny in Eq. (5) are calculated as —1.80x10~7 and
~5.58x1078 cm? /W for Ag:ethanol and Ag:water, respec-
tively, which are in good agreement with the measured
values. The fact that ethanol exhibits higher thermo-
optic coefficient and lower thermal conductivity than wa-
ter should be responsible for the result that the thermal-
induced third-order refractive index of Ag:ethanol is one
order of magnitude larger than those of Ag:water both
in our experiment and the one reported in Ref. [16].
The curve of open-aperture measurement in Fig. 4
shows both saturated absorption and inverse saturated
absorption in Ag:ethanol. In order to further clarify the
nonlinear absorption behavior, we used a 30-mm-thick
quartz cell containing Ag:ethanol and studied the depen-
dence of transmittance on the incident power. Similar
to the result in Fig. 4, Fig. 5 also shows both saturated
absorption and inverse saturated absorption. When the
input power was lower than about 7.5 mW, the transmit-
tance decreased with the increase of input power and vice
versa. The inverse saturated absorption occurred at low
input power, which was similar to the situation reported
in Ref. [15]. Whereas the saturated absorption occurring
at higher input power may be ascribed to two factors:
SPR was so intense under 488-nm wavelength that it
reached saturation at relatively low input power; and due
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Fig. 5. Transmittance dependence on input power of ethanol
solution doped with silver nanoparticles.

to the low thermal conductivity of ethanol and CW laser
irradiation, the effective heat accumulation inhibited the
further absorption of silver nanoparticles. For compari-
son, Ag:water was measured in open-aperture z-scan ex-
periment under the input power of 20 mW, and no satu-
rated absorption was observed since the thermal conduc-
tivity of water was 3.3 folds higher than that of ethanol.

Furthermore, to verify the large thermal-induced third-
order nonlinear refractive index of Ag:ethanol, we stud-
ied the spatial self-phase modulation when a laser beam
propagated through this mixed solution. Figure 6 shows
a set of spatial diffraction patterns of emergent laser
when the incident plane of Ag:ethanol solution was
placed in front of (but close) to the focus (position 1
in Fig. 2). A high input power of tens of milliwatts
was applied to produce large thermal effect and different
concentrations were adopted in order to find out the opti-
mum concentration for the largest thermal-induced phase
shift. When the beam propagated through the solution,
thermal-induced nonlinear phase shift was accumulated
gradually according to Eq. (2) and produced the so-
called spatial self-phase modulation. Spatial self-phase
modulation occurs when a beam of non-uniform intense
distribution such as a Gaussian beam propagates in a
nonlinear medium and a nonlinear refractive index is cre-
ated. The change of refractive index conversely changes
the transverse phase of the beam. When the phase shift is
accumulated to a certain degree, the transverse distribu-
tion of emergent laser will vary significantly. Especially
under the high input power, spatial self-phase modula-
tion could be studied throughout the visible diffraction
pattern of emergent laser. The number of rings is deter-
mined by the amount of phase shift induced by thermal-

induced nonlinearity according to[?"!
Ad =N -2, (6)

where N is the number of diffraction light rings. So
many rings in Figs. 6(b)—(f) indicate that a large phase
shift is created according to Eq. (6). With the change of
concentration, the number of rings changes and reaches
its maximum when the volume ratio of Ag colloid and
ethanol is about 1:4. We conjecture that, when the con-
centration is relatively low, the more the silver nanopar-
ticles exist, the stronger the absorption caused by SPR
is. However, when the concentration is further increased
to a certain degree, the absorption and scattering that
occurr in the forepart of optical path would greatly re-
duce the light intensity, and consequently, the SPR in
the residual part of optical path. Furthermore, the total
phase shift is decreased since phase shift is a process of
accumulation through the whole optical path. Hence, it
is reasonable to expect that the optimal concentration
for the largest phase shift should be different for the
solutions of different thicknesses. For comparison, lenses
with different focal lengthes of 30, 100, and 180 mm
were used to focus the incident laser in our experiment,
and the lens with 180-mm focus length lens was found
to create the largest number of diffraction rings, which
demonstrated that lens of a longer focal length may be
beneficial to the phase shift accumulation.

When we changed the position of solution, there ap-
peared an interesting and obvious variation of diffraction
patterns. Figures 6(b)—(f) show a tightly focused light
spot surrounded by diffraction rings, whereas Fig. 7(a)
shows a large dark circlular central area surrounded by
the diffraction rings when the front face of the cell is
moved behind (but close to) the focus (position 2 in Fig.
2), whose transverse intensity distribution is shown in
Fig. 7(b). Since the solution plays a role of a negative
lens, the situations in Figs. 6 and 7 correspond to the
ones where a convergent and a divergent Gaussian beams
passed through a negative lens, respectively. A theoret-
ical calculation of the diffraction patterns for these two
situations has been reported in Ref. [22], which agreed
well with that observed in our experiment. It is clearly
demonstrated in Fig. 7(b) that the effect of thermal-
induced negative lens can be applied on optical limiting
and optical flattening.

In conclusion, we report a systematic investigation
on the thermal-induced optical nonlinearity of ethanol

Fig. 6. Number of rings changes when Ag colloid is added
gradually. (a) 2-ml pure ethanol; (b)—(f) 0.2, 0.4, 0.6, 0.8,
and 1 ml of Ag colloid are added into 2-ml ethanol, respec-
tively.
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Fig. 7. When the sample is placed in front of and close to
focus, effects of optical limiting and optical flattening are ob-
vious. (a) Original pattern; (b) transverse intensity distribu-
tion.

solution doped with silver nanoparticles. A large
thermal-induced third-order nonlinear refractive index is
measured to be —1.941x10~7 cm?/W with z-scan tech-
nique. The large thermal nonlinearity is attributed to
not only the intense SPR of silver nanoparticles but also
the high thermo-optic coefficient and low thermal con-
ductivity of ethanol. Spatial self-phase modulation and
thermal-induced negative lens effect are clearly observed.
The dependence of thermal-induced phase shift on con-
centration is also systematically studied. This self-action
effect of thermal-induced negative lens will be useful for
many applications such as optical limiting, beam flatten-
ing, and so on.
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